When expressed in cultured hippocampal neurons, the metabotropic glutamate receptor mGluR1a is polarized to dendrites and concentrated at postsynaptic sites. We used a mutational analysis to determine how previously identified protein interaction motifs in the C terminus of mGluR1a contribute to its localization. Our results show that the polyproline motif that mediates interaction with Homer family proteins is critical for the synaptic clustering of mGluR1a. A single point mutation in this motif, which prevents the binding of Homer with mGluR1a, reduced its colocalization with a postsynaptic marker to near-chance levels but did not affect its dendritic polarity. In contrast, deleting the PDZ (postsynaptic density-95/Discs large/zona occludens-1) binding domain, which interacts with Tamalin and Shank, had no effect on synaptic localization. Neither of these protein interaction motifs is important for trafficking to the plasma membrane or for polarization to dendrites. Although deleting the entire C terminus of mGluR1a only modestly reduced its dendritic polarity, this domain was sufficient to redirect an unpolarized reporter protein to dendrites. These observations suggest that mGluR1a contains redundant dendritic targeting signals. Together, our results indicate that the localization of mGluR1a involves two distinct steps, one that targets the protein to dendrites and a second that sequesters it at postsynaptic sites; different protein interactions motifs mediate each step.
Introduction
Neurons are geometrically complex cells whose surface membrane is an intricate mosaic of molecularly specialized domains. Two rather different approaches have been used to elucidate the cell biological mechanisms that underlie membrane protein localization in neurons. Those who are primarily interested in how proteins are targeted to dendrites or to the axon have used mutational strategies to identify motifs that are required for protein polarization (Horton and Ehlers, 2003) . It remains to be determined what "adaptor" proteins recognize these localization signals. Those who are primarily interested in how proteins are localized to synaptic sites have focused on identifying interacting proteins. This approach has led to the identification of dozens of "scaffolding" proteins, but it has been difficult to elucidate the precise role these proteins play in receptor trafficking and localization (Kim and Sheng, 2004; Kneussel, 2005) .
The present study uses the mutational approach favored by those who study neuronal polarity to analyze the localization of group I metabotropic glutamate receptors (mGluRs), G-protein-coupled receptors that are polarized to dendrites and clustered at postsynaptic sites (Baude et al., 1993; LopezBendito et al., 2002; Ferraguti et al., 2004) . Several proteins bind to the cytoplasmic tail of group I mGluRs. Homer, a postsynaptic scaffolding protein, binds to a polyproline motif ϳ50 residues upstream of the C terminus (Brakeman et al., 1997; Tu et al., 1998; Xiao et al., 1998) . In heterologous systems, coexpressing Homer with group I mGluRs leads to receptor clustering (Tadokoro et al., 1999; Ciruela et al., 2000) . In cultured hippocampal neurons, the mobility of expressed, extrasynaptic mGluR5 within the plasma membrane increases when the polyproline interaction motif is mutated, suggesting that Homer anchors mGluR5 to the underlying cytoskeleton (Serge et al., 2002) . Long splice variants of group I mGluRs (Hermans and Challiss, 2001 ) also contain a PDZ [postsynaptic density-95 (PSD-95)/Discs large/zona occludens-1]-binding domain that mediates interactions with two other scaffolding proteins, Tamalin and Shank Kitano et al., 2002) . Tamalin binds to PSD-95 (Kitano et al., 2003) and also interacts with proteins implicated in trafficking, including MINT2 and GRP-1 (Kitano et al., 2003) . Shank binds Homer and, like Homer, is a component of the postsynaptic density. Homer and Tamalin have also been implicated in the trafficking of receptors between cell body and neurites (Ango et al., 2000 (Ango et al., , 2002 Ciruela et al., 2000; Kitano et al., 2002) .
The present study analyzes the role of these C-terminal protein interaction motifs in localizing mGluR1a in hippocampal pyramidal neurons, cells that normally do not express this protein but do express mGluR5 and all three of the group I mGluR binding proteins: Tamalin, Shank, and members of the Homer family (Baude et al., 1993; Tu et al., 1998 Tu et al., , 1999 Naisbitt et al., 1999; Kitano et al., 2002; Ferraguti et al., 2004) . mGluR1a forms homodimers but does not heterodimerize with mGluR5 or with other mGluR1 splice variants (Romano et al., 1996; Robbins et al., 1999) . This circumvents a key limitation in using the mutational approach to study receptor localization, the formation of multimers between transfected mutant subunits and endogenously expressed wild-type subunits (Ruberti and Dotti, 2000) . We found that mutating the polyproline sequence that mediates interaction with the Homer family of proteins eliminated the clustering of mGluR1a at synaptic sites but did not affect its polarization to dendrites. Deleting the PDZ-binding domain did not affect either dendritic localization or receptor clustering.
Materials and Methods
DNA constructs. The pJPA expression vector was used for all constructs in this study (J. Adelman, Oregon Health and Science University, Portland, OR). Wild-type rat mGluR1a was obtained from G. Westbrook (Vollum Institute, Oregon Health and Science University). A sequence encoding cyan fluorescent protein (CFP) or mCherry (R. Tsien, University of California San Diego, La Jolla, CA) was inserted into the wild-type cDNA following the predicted signal sequence (Masu et al., 1991) at the Eco47III site. mGluR1a(⌬CT) was made by truncating the wild-type mGluR1a after amino acid 848 (8 amino acids following the predicted seventh transmembrane domain). mGluR1a(⌬PDZ) was truncated at amino acid 1196, which removes the type I PDZ-binding motif (amino acids 1197-1199) that interacts with Tamalin and Shank (Kitano et al., 2002) . The mGluR1a mutant that is unable to interact with endogenous Homer, mGluR1a(F1156R), was made by mutating amino acid 1156 from phenylalanine to arginine . CD8␣ wild-type cDNA was manipulated to make a truncated CD8␣ that ended 6 amino acids after the transmembrane domain (amino acids 1-216). PCR-amplified wild-type and mutant mGluR1a C termini were inserted in frame with the truncated CD8␣ to generate the following chimeric constructs: pJPA5 CD8␣-mGluR1a(wild-type), CD8␣-mGluR1a(F1156R), CD8␣-mGluR1a(⌬PDZ) and CD8␣-mGluR1a(F1156R/⌬PDZ). All segments generated by PCR were sequence verified. As a control for synaptic colocalization studies, pJPA5 NR1-1a was cotransfected with pJPA5 CFP-NR2A (G. Westbrook). CFP was inserted following the predicted signal sequence.
Cell culture and transfection. Primary hippocampal neuronal cultures were prepared as described previously (Goslin et al., 1998) . Briefly, hippocampi were dissected from rats on embryonic day 18. These hippocampi were then dissociated and plated onto coverslips treated with poly-L-lysine at a density of 50 -100 cells/mm 2 and cultured over a monolayer of astrocytes. Cells were maintained in Neurobasal media supplemented with B27 and Glutamax (Invitrogen, Carlsbad, CA). After 8 -10 d in culture, neurons were cotransfected with the appropriate receptor construct together with soluble yellow fluorescent protein (YFP) (to visualize cell morphology) using Lipofectamine 2000 transfection reagent (Invitrogen).
Antibodies. mGluR1a constructs were detected using mixed monoclonal antibodies that recognize green fluorescent protein (GFP) and its color variants (Roche, Indianapolis, IN). CD8␣ constructs were detected using the mouse monoclonal antibody DK25 (1:50 dilution; DakoCytomation, Carpinteria, CA). Endogenous Homer protein was detected using a rabbit polyclonal antibody that recognizes the long form of all family members, including splice variants (sc-15321, 1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA). Other synaptic proteins were localized using antibodies against synapsin I (1:100 dilution; Synaptic Systems, Gottingen, Germany) and PSD-95 (clone 6G6-1C, 1:100 dilution; Affinity BioReagents, Golden, CO). Biotinylated and cyanine 3 (Cy3)-conjugated secondary reagents and Cy3-conjugated streptavidin were from Jackson ImmunoResearch (West Grove, PA). Alexa633-and Alexa546-conjugated secondary reagents were from Invitrogen. Secondary antibodies were all used at a dilution of 1:1000.
Immunofluorescence staining. For most experiments, living neurons were immunostained to detect only the expressed mGluR1a present on the cell surface. Cells were incubated with antibodies against the extracellular GFP epitope at 37°C for 5-10 min in Neurobasal medium. Coverslips were rinsed briefly in PBS and then fixed in 4% paraformaldehyde and 4% sucrose in PBS for 20 min at room temperature. After fixation, coverslips were rinsed in PBS and then blocked in 0.5% gelatin in PBS for 30 min. For assessment of surface polarity, cells were not permeabilized before incubation with secondary antibodies. Neurons transfected with CFP-tagged constructs were treated with biotinylated donkey antimouse secondary antibody for 1 h, washed in blocking medium, then treated with Cy3-streptavidin for 15-30 min, and washed in blocking medium for 5 min each. Coverslips were rinsed in H 2 0 and mounted using ProLong Gold Anti-Fade reagent (Invitrogen). To detect CD8 chimeras, the primary anti-CD8 antibody was detected with Cy3-conjugated donkey anti-mouse antibody.
For analysis of colocalization with synaptic markers, coverslips were incubated with primary antibodies to detect receptors as described above, fixed, then permeabilized with 0.25% Triton X-100 in PBS for 5 min, washed in PBS, and placed in blocking solution for 30 min. Cultures were incubated with anti-Homer antibody for 3 h, washed and incubated with biotinylated goat anti-mouse and Alexa633-conjugated goat antirabbit for 1 h, washed, incubated with Cy3-streptavidin, and mounted as above. Cell-surface NMDA receptor localization was assessed using the extracellular CFP epitope tag in NR2A in the same manner as described above.
Microscopy. A Leica (Nussloch, Germany) microscope (DMRXA) equipped with a 40ϫ objective (numerical aperture 0.75) was used to acquire all images for polarity and clustering analysis. A 63ϫ oilimmersion objective (numerical aperture 1.32) was used to acquire images for assessing synaptic colocalization. Images were acquired with a Roper Scientific (Tucson, AZ) Micromax 5 MHz-1300Y using MetaMorph image acquisition and analysis software (Molecular Devices, Downington, PA).
Quantification of receptor polarity. The degree to which expressed constructs were polarized was measured using the methods described by Sampo et al. (2003) . Briefly, cells to be analyzed were selected using the soluble YFP fill and included in the analysis only when it was certain that all labeled neurites arose from the cell in question, not another nearby cell. Cells that expressed constructs at very high levels were excluded from analysis, because such cells often exhibited a less polarized distribution of the expressed wild-type protein (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material) . Images included the cell body, all dendrites, and a representative sample of the primary axon and branches thereof. This typically required capturing 9 -18 overlapping images in each of three channels (YFP, Cy3/ Alexa546, and phase contrast). Axons and dendrites were identified using morphological criteria based on the soluble YFP fill (see Figs. 1a, 4a,c) (Sampo et al., 2003) . Dendrites emerge gradually from the cell body, taper with distance, generally have a radial orientation, and terminate 200 -300 m from the cell body. By 2 weeks in culture, pyramidal cell dendrites are studded with spines. Axons are thinner at their origin, exhibit less taper, follow a meandering course and sometimes loop back on themselves, and can extend over millimeters.
All images were corrected for camera background and uneven illumination using a shading correction. One-pixel-wide lines were drawn on the axons and dendrites of the soluble YFP image and transferred to the corresponding images of the cell-surface staining. Average intensity of surface labeling was determined for all stretches of dendrites clearly free of any recurrent axon branches and a majority of unfasciculated, single axon stretches. Antibody background staining was determined as the average signal detected in adjacent, untransfected neurons. After subtracting background, the average axon fluorescence divided by the aver-age dendrite fluorescence, the axon/dendrite (A:D) ratio, was used as a measure of the polarity of the expressed construct in that cell.
Quantification of receptor clustering. Segments of two separate, unfasciculated dendrites from each of the cells used for polarity analysis were selected for clustering analysis. Clusters were defined as regions along dendrites whose fluorescence intensity was twofold greater than that of the average fluorescence intensity along the whole dendrite. First, the images were thresholded to encompass all of the dendrite, then its area and average intensity above antibody background (determined as intensity in dendrites of an untransfected neighboring cell) were recorded. Next, the threshold was manually set to twice this average intensity above antibody background. Cluster area was determined as percentage area of the whole dendrite still selected under this circumstance. Cluster intensity was recorded as average intensity above antibody background. These parameters were chosen because they are independent of the size of individual clusters, which often ran together. Measurements were made by an observer who did not know which construct was being evaluated.
Quantification of synaptic colocalization. High-magnification images of cell-surface receptor (Cy3) and endogenous Homer (Alexa633) were thresholded to eliminate areas outside the dendrites. The fluorescence intensity of the two images was then compared on a pixel-by-pixel basis using correlation analysis. The resulting r value serves as an unbiased measure of colocalization.
Other analyses. The level of expression of transfected mGluR1a was compared with the intensity of mGluR1a staining in the small population of interneurons that express this receptor endogenously (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Neurons were transfected with pJPA5 CFP-mGluR1a(wild-type) and then fixed, permeabilized, and stained with an antibody directed against the C terminus (Chemicon, Temecula, CA). Average fluorescence intensities in dendrites of neurons that endogenously express mGluR1a or those transfected with exogenous mGluR1a were determined using line scans and then corrected for antibody background. To compare cell-surface expression of the different constructs (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material), we determined the ratio of cell-surface receptor staining and total receptor protein (fluorescence from the CFP tag) in a boxed region over the soma.
Results
Exogenously expressed mGluR1a is restricted to hippocampal dendrites and clustered at postsynaptic sites We first examined the localization of mGluR1a (tagged with CFP in the ectodomain) that was expressed in cultured hippocampal neurons using Lipofectamine 2000. Neurons were cotransfected with soluble YFP, which fills the entire dendritic and axonal arborizations of the cell. Cultures were transfected after 7-9 d in vitro, and receptors on the cell surface were visualized 7-14 d later by live-cell immunostaining using an antibody that recognizes CFP. As described previously, ϳ1% of the neurons in hippocampal cultures express mGluR1a endogenously (Craig et al., 1993) . As expected from studies of mGluR1a localization in situ, the dendritic arbors of mGluR1a-expressing neurons in culture have the features of GABAergic interneurons, as described by Benson et al. (1994) . The level of expression of mGluR1a in transfected cells (identified by coexpression of soluble YFP) was roughly comparable with that in the small population of cultured neurons that expressed mGluR1a endogenously, as evaluated by immunostaining with an antibody directed against the C-terminal domain (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material).
When exogenously expressed in hippocampal pyramidal neurons, mGluR1a was present on the surface of the cell body and dendrites (Fig. 1a,b) . Staining extended throughout the finest dendritic branches. At higher magnification, the staining formed discrete clusters along the dendrites (Fig. 1c) . Comparison with the soluble YFP image indicated that some of these puncta were on dendritic shafts, whereas others were localized to the tips of dendritic spines (supplemental Fig. S2 , available at www. jneurosci.org as supplemental material). Staining also was present along the proximal 10 -30 m of the axon (i.e., along the initial segment). The remainder of the axon, which was seen clearly with the soluble YFP, was unstained for mGluR1a. In mGluR1a-expressing interneurons, the receptor was also restricted to the cell body and dendrites, as described previously (Craig et al., 1993) . These results suggest that the mechanisms underlying the dendritic localization of mGluR1a are shared by both pyramidal and nonpyramidal neurons, although pyramidal neurons do not normally express this receptor.
In preliminary experiments, we also examined the localization of mGluR1b, a short splice variant whose intracellular C-terminal domain is identical to that of mGluR1a for the first 46 amino acids, which is followed by a unique 20 amino acid C terminus. It has been reported that mGluR1b is selectively polarized to the axon in cultured chick retinal cells, suggesting that its unique C terminus contains axonal targeting information (Francesconi and Duvoisin, 2002) . When expressed in hippocampal pyramidal neurons, cell-surface mGluR1b was not polarized to the axon. Like mGluR1a, mGluR1b was most concentrated in the somatodendritic domain, with only weak staining detected in the axon (data not shown). This is consistent with several studies showing Figure 1 . mGluR1a expressed in hippocampal neurons is restricted to the dendritic surface and colocalizes with a postsynaptic marker. a, b, When hippocampal neurons were cotransfected with mGluR1a and soluble YFP, the YFP was present throughout the cell (a; YFP fluorescence was pseudocolored green and overlaid over a phase-contrast image that shows all cells within the field); mGluR1a was expressed on the surface of the soma and dendrites but not the axon (b). Cell bodies of nearby untransfected neurons were faintly visible, a measure of antibody background. This cell was transfected on day 9 and then stained for cell-surface receptor 5 d later. Arrows indicate dendrites and arrowheads the axon. c-e, To assess the synaptic localization of mGluR1a, cells were double stained for cell-surface mGluR1a and endogenous Homer after 21 d in culture. The receptor (red) appeared in distinct puncta along the surface of the dendrites (c), similar to the staining pattern for Homer (green, d). Overlay of the two images (e) indicated that nearly every mGluR1a cluster colocalized with Homer (yellow). Scale bars: a, b, 20 m; c-e, 5 m.
that, in tissue sections, mGluR1b immunostaining is restricted to the somatodendritic domain (Mateos et al., 1998 (Mateos et al., , 2000 Alvarez et al., 2000) . In light of these preliminary results, we focused the remainder of our analysis on mGluR1a.
To determine whether the mGluR1a puncta were localized at synaptic sites, we examined cells after 21 d in culture, when synapses are mature. Neurons were costained with antibodies against Homer or PSD-95, which mark excitatory postsynaptic sites (Rao et al., 1998; Shiraishi et al., 2003) . We confirmed that both Homer and PSD-95 were suitable synaptic markers, based on their close apposition to synapsin I-positive presynaptic terminals (data not shown). As shown in Figure 1c -e, the mGluR1a puncta also stained brightly for endogenous Homer. Not all Homer puncta contained mGluR1a, but nearly every mGluR1a cluster was also positive for Homer. A similar pattern of colocalization was found with PSD-95 (data not shown). Thus, the localization of exogenously expressed mGluR1a is comparable with that of mGluR5, the predominant group I mGluR that is endogenously expressed in pyramidal neurons (Lopez-Bendito et al., 2002) .
mGluR1a is directly targeted to dendrites
The equilibrium distribution of mGluR1a observed several days after transfection reflects the sum of many different trafficking events: targeting along the biosynthetic pathway, anchoring, endocytosis, and possible subsequent redistribution. To determine whether mGluR1a is directly targeted to dendrites, we assessed receptor localization at early times after transfection. mGluR1a could be consistently detected on the cell surface as early as 8 h after transfection (data not shown), and staining intensity increased steadily over the next 16 h. At 8 h after transfection, the receptor was already fully polarized on the cell surface (data not shown); no labeling of the axon surface could be detected. This finding argues against the possibility that newly synthesized mGluR1a is delivered to the surface of both axons and dendrites but selectively stabilized only on the dendritic surface.
To determine whether the carriers that contain mGluR1a enter the axon, we expressed mGluR1a tagged with mCherry (a monomeric red fluorescent protein) (Shaner et al., 2004) to visualize intracellular compartments that contain mGluR1a en route to the plasma membrane along with cell-surface receptor. Like the cell-surface receptor, mCherry-mGluR1a fluorescence was restricted to dendrites (Fig. 2) . By 8 h after transfection, mCherry-mGluR1a had reached even the most distal dendrites, but fluorescence was absent from the axon beyond its proximal segment ( Fig. 2c-f ) . At higher magnification, mGluR1a fluorescence appeared to consist of densely packed granules within the dendritic shaft. No labeled organelles could be detected in the axon. These data indicate that the transport carriers that deliver mGluR1a to the cell surface are excluded from the axon. Similar results have been observed for several other dendritically polarized proteins (Burack et al., 2000; Silverman et al., 2001 Silverman et al., , 2005 Cheng et al., 2002; Rosales et al., 2005) .
The C-terminal domain of mGluR1a contains a dendritic localization signal
We used two complementary approaches to evaluate the role of protein interaction motifs within the C-terminal domain of mGluR1a in governing the dendritic localization of the protein.
We mutated or deleted residues to determine whether these motifs were required for dendritic localization, and we appended C-terminal sequences to an unpolarized reporter protein to determine whether they were sufficient to redirect the reporter to the dendrites. First, we expressed mGluR1a constructs (tagged with CFP) with mutations in the protein interaction domains that mediate binding to Homer, Tamalin, and Shank (Fig. 3) . Although these proteins were first identified as synaptic scaffolding proteins, considerable evidence suggests that such proteins also play a role in receptor trafficking (Kneussel, 2005) . These mutations have been shown previously to disrupt interactions with the respective proteins in biochemical assays Kitano et al., 2002) . The level of expression of each construct (both CFP fluorescence to assess total protein levels and live-cell immunostaining to assess surface expression) was evaluated to determine whether they trafficked normally to the cell surface (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Each of the constructs expressed at approximately the same level as wild-type mGluR1a. Figure 4 , a and b, illustrates the localization of 
mGluR1a(F1156R)
, which is unable to interact with Homer. This mutant receptor was highly polarized to dendrites, like wild-type mGluR1a (compare with Fig. 1a,b) . mGluR1a(⌬PDZ), which lacks the PDZ-binding motif, was also restricted to the somatodendritic domain. Because previous results suggest that the C-terminal domain of mGluR1a is essential for its dendritic localization in the retina (Francesconi and Duvoisin, 2002) , we also examined the localization of mGluR1a(⌬CT), which lacks the entire C terminus (Fig. 4c,d ). This construct was also polarized to the somatodendritic cell surface; cell-surface staining was bright in all dendrites, and only faint staining was detected along axonal branches, extending to the tips of some, but not all, axonal growth cones. The cell-surface polarity of each construct was quantified by calculating the A:D ratio: the average fluorescence intensity in the axon divided by the average fluorescence intensity in the dendrites of the same cell (Sampo et al., 2003) . The regions to be analyzed were selected based on the soluble YFP fill to ensure that representative regions throughout the axon and dendrites were sampled in an unbiased manner. The results of this analysis are shown in Figure 5 . The A:D ratio for wild-type mGluR1a was 0.11, comparable with that of the low-density lipoprotein receptor (LDLR), a control dendritic protein included in our experiments, as well as several other dendritic membrane proteins (Jareb and Banker, 1998; Cheng et al., 2002; Silverman et al., 2005) . We also determined the A:D ratio for the short splice variant mGluR1b, which averaged 0.33 (n ϭ 6). Thus, mGluR1b was somewhat less concentrated in the dendrites than mGluR1a but was not polarized to the axon, as reported for cultured retinal neurons (Francesconi and Duvoisin, 2002 (Jareb and Banker, 1998; Sampo et al., 2003) . Together, these results show that the polyproline and PDZ-binding motifs are not necessary for the polarization of mGluR1a. Deleting the entire C terminus of mGluR1a caused only a modest reduction in its dendritic localization.
Although these results indicate that the C terminus of the receptor is not required for its polarization, they do not rule out the possibility that the cytoplasmic tail contains a redundant signal that might be sufficient for dendritic localization. To examine this possibility, we asked whether the C terminus of mGluR1a could redirect CD8␣, an unpolarized reporter protein (Craig et al., 1995) . We prepared chimeras consisting of the ectodomain and transmembrane domain of CD8 linked to the C-terminal cytoplasmic domain of mGluR1a. When this chimeric protein was expressed in hippocampal neurons, it was highly enriched on the dendritic surface (Fig. 6b) , with an A:D ratio identical to that of full-length mGluR1a (average A:D ratio of 0.11) (Fig. 7) . CD8 without the C terminus of mGluR1a was present throughout both axons and dendrites (Fig. 6a) , with an average A:D ratio of 1.10.
Because the CD8 -mGluR1a chimera was highly polarized, we next asked whether mutation of either the Homer interaction motif or the PDZ-binding domain altered the localization of the CD8 chimera. Mutation of either motif caused a modest, marginally significant reduction in the A:D ratios of the chimeras [CD8 -mGluR1a(F1156R), A:D ratio of 0.24; CD8 -mGluR1a(⌬PDZ), A:D ratio of 0.24]. Simultaneously disrupting both interaction motifs did not lead to an additional decrease in A:D ratio [CD8 -mGluR1a(F1156R/⌬PDZ), A:D ratio of 0.23]. A mutation that disrupted a dendritic localization signal would be expected to reduce polarity to a much greater extent, essentially to the level of CD8 alone. It may be that mutations in the protein interaction motifs lead to small, generalized changes in secondary structure that affect interactions mediated by other motifs within the C terminus.
These experiments indicate that the C terminus of mGluR1a contains dendritic localization information, but, in the absence of the C terminus, other regions of the receptor are also capable of maintaining dendritic polarity to a large degree. Dendritic localization is essentially independent of both the polyproline and PDZ interaction motifs contained in the carboxyl tail of the receptor.
The polyproline motif that binds Homer is required for the synaptic clustering of mGluR1a
Previous studies have suggested that both Homer and Shank play a role in scaffolding type 1 metabotropic glutamate receptors Figure 3 . The mGluR1a constructs used in these experiments. a shows the topology of mGluR1a (left) and CD8 (right). b shows a schematic representation of the C terminus of mGluR1a in the context of the full-length receptor (left) and in chimeras in which it was linked to the ectodomain and transmembrane domains of CD8 (right). The Homer interaction motif is indicated by the red bar, and the PDZ-binding domain is indicated by the blue bar. The entire C terminus is 359 amino acids in length, mGluR1a(⌬CT) was truncated 8 amino acids following the seventh transmembrane domain, mGluR1a(F1156R) contains a mutation in the polyproline motif that abolishes its binding to Homer, and mGluR1a(⌬PDZ) lacks the final 3 amino acids, which mediate interactions with the PDZ domains of Shank and Tamalin. These three C-terminal mutations were also appended to CD8. An additional CD8 -mGluR1a chimera included mutations of both protein interaction motifs.
because coexpression of these proteins with mGluRs enhances receptor clustering in heterologous cells (Ciruela et al., , 2000 Tadokoro et al., 1999; Tu et al., 1999) . To determine whether the synaptic clustering of mGluR1a in hippocampal neurons involves interactions with these proteins, we determined the extent to which the constructs described were synaptically clustered. Figure 8 illustrates high-magnification images of representative cells expressing each of these constructs. As described above, wild-type mGluR1a was present in discrete clusters along the dendrites (Fig. 8a ) (see also Fig.  1c-e) . Very little receptor staining was observed between clusters. Truncation of the C-terminal domain of mGluR1a greatly reduced receptor clustering. Diffuse staining of mGluR1a(⌬CT) was seen all along the dendritic shafts and filled the spines entirely rather than only labeling spine tips (Fig. 8b) . As a negative control, we also evaluated the localization of LDLR(Y3A), an unpolarized protein that is uniformly distributed on the dendritic surface (Fig. 8e) . The staining pattern of mGluR1a(⌬CT) resembled that of LDLR(Y3A).
Next we asked whether mutations in specific protein interaction domains of mGluR1a could account for the disruption in clustering seen after truncation of the C terminus. Truncation of the carboxyl PDZ-binding motif of the receptor had relatively little effect. mGluR1a(⌬PDZ) was present in clusters along dendritic shafts and spines (Fig. 8d) , similar to mGluR1a(wildtype). In marked contrast, mutation of the polyproline motif that mediates Homer binding disrupted clustering (Fig. 8c) , resulting in an expression pattern similar to that of mGluR1a(⌬CT).
We used two complementary methods to quantify these results: one to assess the extent to which receptors were concentrated in clusters, the other to evaluate the degree to which receptors colocalized with a postsynaptic marker. In the first method, a computer-based algorithm was used to identify receptor clusters (defined as regions in which the fluorescence intensity was at least twice that of the average fluorescence intensity over the entire dendrite) (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). We then computed two measures of the extent of receptor clustering: cluster area (defined as the fraction of the dendritic surface occupied by clusters) and cluster intensity (defined as the average pixel intensity within clusters divided by the average pixel intensity of the regions between clusters). Cluster size and cluster number were not assessed because clusters sometimes ran together, making it difficult to define individual clusters. The results of this analysis are shown in Figure  8 . When wild-type mGluR1a was expressed, almost 9% of the dendritic surface was occupied by clusters and the fluorescence intensity within clusters was 4.4 times greater than in regions between clusters. LDLRmutant(Y3A), a protein that would not be expected to form clusters, served as a control. Even with this protein, there were regions in which the fluorescence intensity was more than twice the average intensity (the definition of a cluster in our algorithm). On average, these regions occupied ϳ2% of the dendritic surface and had an average intensity of 2.3 times greater than intervening regions. mGluR1a(⌬CT) exhibited a large, statistically significant reduction in both cluster area and intensity compared with mGluR1a(wild-type) ( p Ͻ 0.001). This reduction in clustering observed after truncating the C terminus was entirely accounted for by a single point mutation in the polyproline interaction motif of mGluR1a [mGluR1a(F1156R)]. Cluster area and cluster intensity of mGluR1a(⌬PDZ) were not significantly different from that of the wild-type receptor. It is important to note that the reduction in receptor clustering observed with constructs lacking the proline interaction domain was not attributable to a reduced concentration of receptor on the cell surface: surface expression was identical to the wild-type receptor (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Rather, it Figure 4 . The C terminus of mGluR1a is not required for dendritic polarization. To assess the role of the C-terminal domain in receptor polarity, hippocampal neurons were cotransfected with soluble YFP (a, c), which filled the entire cell, and either mGluR1a(F1156R) (b) or mGluR1a(⌬CT) (d). mGluR1a(F1156R) was polarized to the somatodendritic domain, just like the wildtype receptor (b; compare with Fig. 1a,b) The construct lacking the C terminus was slightly less polarized than the wild-type protein. The cell body and dendrites were brightly stained, and there was faint, intermittent staining along the axon (d). Cell bodies of nearby untransfected neurons exhibit faint background staining. Cells were transfected between 7 and 9 d in vitro and then stained for cell-surface receptor 5-7 d later. The contrast was inverted for all fluorescence images to enable better visualization of thin axonal processes. Arrows indicate dendrites and arrowheads the axon. Scale bar, 20 m.
represented a change in the pattern of localization of surface receptor, from clustered to diffuse.
We next assessed the extent to which this set of constructs colocalized with a postsynaptic marker. Constructs were expressed in 1-week-old cells, and colocalization with endogenous Homer was quantified when cells were 21 d old, a stage when synapses are relatively mature. The results from these studies are illustrated in Figure 9 and quantified in Figure 10 . The degree of colocalization was assessed by plotting the fluorescence intensity in the mGluR1a channel with the intensity in the Homer channel on a pixel-by-pixel basis and then calculating a correlation coefficient (r). This is a very stringent measure of colocalization; r values as low as 0.25 are indicative of significant correlation (Rappoport and Simon, 2003 ) (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). As expected, fluorescence of wild-type mGluR1a primarily colocalized with Homer staining (Fig. 1c-e) ; analysis revealed an average correlation coefficient of 0.60. A similar value was obtained when NMDA receptor subunits were expressed and their distribution compared with endogenous Homer (correlation coefficient of 0.65) (Shiraishi et al., 2003) . Truncating the entire C terminus or mutating the polyproline interaction sequence of mGluR1a greatly reduced colocalization with endogenous Homer (correlation coefficients of 0.16 and 0.18, respectively). Deleting the PDZ interaction domain had no effect on synaptic localization (correlation coefficient of 0.60). These results demonstrate that the polyproline interaction motif is necessary for the synaptic clustering of mGluR1a.
Discussion
In this study, we analyzed the role of known protein interaction domains in regulating the dendritic polarity and synaptic localization of the metabotropic glutamate receptor mGluR1a. Our results demonstrate that the polyproline interaction motif, which mediates interaction with Homer family proteins, is critical for the synaptic clustering of mGluR1a. In contrast, the PDZbinding domain was not required for receptor clustering. Neither protein interaction domain was important for dendritic localization. The C terminus of mGluR1a contains a dendritic localization signal that was sufficient to redirect an unpolarized protein to the dendrites, but deleting the C terminus of mGluR1a only modestly reduced dendritic polarity, indicating that other regions also contain a dendritic localization signal.
Protein interaction motifs that govern receptor localization at postsynaptic sites Although many receptor scaffolding proteins have been identified, it has been difficult to define their precise role in receptor localization. The interaction between NMDA receptors and PSD-95 is a classic example. Although the two proteins interact biochemically and cocluster in heterologous systems (Kornau et al., 1995) , NMDA receptors remain synaptically localized in mice with a targeted mutation in PSD-95, and mutations in the PDZbinding motif of NR2B only modestly affect receptor localization in cultured neurons (Migaud et al., 1998; Prybylowski et al., 2005) . Glycine receptors and gephyrin offer a second example. Knocking out gephyrin abolishes receptor clusters on the cell surface, but it is unclear whether this reflects a defect in receptor trafficking to the plasma membrane or in anchoring at synaptic sites (Feng et al., 1998; Levi et al., 2004) .
By comparison, our findings appear quite straightforward. Mutating the polyproline interaction motif in mGluR1a, which mediates interaction with Homer family proteins, reduced colocalization with a postsynaptic marker to near-chance levels. The amount of receptor present on the cell surface was unchanged; it simply became diffusely distributed. This result confirms and extends previous observations. The mobility of extrasynaptic mGluR5 within the plasma membrane, as assessed by single particle tracking, increases when the polyproline interaction motif is mutated, suggesting that Homer may anchor mGluR5 to the underlying cytoskeleton (Serge et al., 2002) . Technical limitations precluded the use of single particle tracking to evaluate the role of Homer in anchoring receptors at postsynaptic sites. Although Homer is the only protein known to interact directly with mGluR1a via the polyproline motif, mutating this motif could also disrupt interactions with other proteins not yet identified.
Deleting the three C-terminal residues that comprise the PDZ-binding domain of mGluR1a did not reduce synaptic clustering of the receptor. This deletion abolishes the direct interaction between group I mGluRs and Shank and reduces, but does not abolish, interaction with Tamalin, which also binds other sites within the C terminus of mGluR1a (Kitano et al., 2002; Hirose et al., 2004) . Even more telling, deleting the entire C terminus of mGluR1a did not diminish receptor clustering or colocalization with postsynaptic markers any more than a single point mutation in the proline interaction motif. These results are somewhat surprising because PDZ interactions have long been thought to play a crucial role in linking receptors to postsynaptic scaffolding proteins (Kim and Sheng, 2004) . Because mGluR1a is not normally expressed in hippocampal pyramidal neurons, it could be argued that the proteins that interact with the PDZ-binding motifs are also missing, but this possibility seems unlikely. The PDZ-binding motif present in mGluR1a is conserved in mGluR5, which is highly expressed in pyramidal neurons. Moreover, the two proteins that are known to interact with the PDZ-binding motif, Tamalin and Shank, are also expressed in hippocampal pyramidal neurons (Baude et al., 1993; Tu et al., 1998 Tu et al., , 1999 Naisbitt et al., 1999; Kitano et al., 2002; Ferraguti et al., 2004) . Several other recent findings also indicate Figure 5 . The effects of mutations within the C terminus of mGluR1a on receptor polarity. The axon/dendrite ratio was used to quantify polarization. Wild-type mGluR1a was highly polarized, with an A:D ratio comparable with that of LDLR, a prototypical dendritic protein.
Mutations in the known C-terminus protein interaction motifs had no effect on the polarity of mGluR1a. Truncation of the entire C terminus resulted in a modest but statistically significant reduction in polarity (*p Ͻ 0.001, Mann-Whitney U test). By comparison, mutation of the dendritic localization signal in LDLR resulted in a much greater loss in polarity (**p Ͻ 0.0001, Mann-Whitney U test). These box plots show the median value (the horizontal bar within the box), the two central quartiles (the box), and the range (the vertical line). The results were derived from two to four separate experiments; 10 -22 cells were analyzed in each condition.
that binding between receptors and postsynaptic scaffolding proteins identified using biochemical approaches does not necessarily imply that these interactions are required for receptor localization in situ (Migaud et al., 1998; Kim et al., 2005; Prybylowski et al., 2005) .
The role of C-terminal protein interaction motifs in the polarity and trafficking of mGluR1a We used two complementary approaches to evaluate the role of protein interaction motifs within the C terminus of mGluR1a in localizing the receptor to dendrites. One approach was based on mutating or deleting residues within the C terminus, and the other was based on appending C-terminal residues to an unpolarized reporter protein. Deleting the entire C terminus of mGluR1a caused only a modest reduction in polarity, but adding the C terminus effectively redirected a reporter protein to the dendrites. Previous studies concluded that the C-terminal domain is important for the dendritic localization of mGluR1a in retinal neurons and of mGluR2 in hippocampal cultures (Stowell and Craig, 1999; Francesconi and Duvoisin, 2002) . Our results show that the C-terminal domain of mGluR1a contains a signal sufficient for dendritic localization in hippocampal neurons but indicate that other regions of the protein likely do as well. In this regard, our results parallel studies on the targeting of other G-protein-coupled receptors in polarized epithelial cells. For example, Nadler et al. (2001) identified residues within a cytoplasmic loop of the M 3 muscarinic acetylcholine receptor that were sufficient to redirect M 2 receptor to the basolateral domain but found that deletion of these residues did not disrupt the basolateral localization of M 3 muscarinic acetylcholine receptor.
In retinal cultures, Francesconi and Duvoisin (2002) found that the short splice variant mGluR1b was polarized to the axon and that deleting the entire C terminus of mGluR1a caused it to be polarized to the axon. This led them to propose that a dendritic targeting signal present in the distal C terminus of mGluR1a was dominant over an axonal targeting signal present with that portion of the C terminus common to both splice variants. We were unable to confirm these results in cultured hippocampal neurons. Both mGluR1b and truncated mGluR1a were polarized to dendrites, not enriched in the axon. It may be that different mechanisms underlie axonal targeting in these different cell types.
Because the chimera consisting of the C terminus of mGluR1a appended to CD8 was highly polarized to the dendrites, it was possible to evaluate the role of the known C-terminal protein interaction motifs in governing the dendritic localization of the chimera. Mutating the polyproline motif or deleting the PDZbinding domain in the CD8 -mGluR1a chimera, either singly or in combination, only modestly reduced polarity. Because mutating a bona fide dendritic localization motif typically results in a complete loss in polarity (Fig. 5) (Jareb and Banker, 1998) , it seems unlikely that interaction with Homer or Shank is crucial Figure 6 . The C terminus of mGluR1a can redirect an unpolarized protein to the dendritic domain. Hippocampal neurons were transfected with either CD8 (a) or a chimera consisting of the ectodomain and transmembrane domains of CD8 and the C terminus of mGluR1a (b), together with soluble GFP (data not shown). Whereas CD8 was present on the surface of the entire cell, CD8 -mGluR1a(wild-type) was restricted to the somatodendritic domain. Unexpectedly, the expression of truncated CD8 caused the proliferation of numerous spine-like protrusions (apparent in a). Cells were transfected between 7 and 9 d in vitro and then stained for cell-surface receptor 5-7 d later. Cell-surface proteins were visualized by live-cell staining with an antibody directed against the ectodomain of CD8. The contrast was inverted to enhance visualization of thin neurites. Arrows indicate dendrites and arrowheads the axon (as identified in the GFP images). Scale bar, 20 m. The polarity of CD8 -mGluR1a chimeras. CD8, used as a reporter in these experiments, was unpolarized. Appending the C terminus of wild-type mGluR1a to CD8 caused the chimeric protein to be strongly polarized to the dendrites. Mutations within specific protein interaction motifs in the C terminus of mGluR1a reduced the dendritic polarity of these chimeric molecules only slightly. All of the chimeric constructs were significantly more polarized than CD8 (Mann-Whitney U test, p Ͻ 0.0001). The chimeric constructs with mutations in the protein interaction motifs of mGluR1a were marginally less polarized than CD8 -mGluR1a(wild-type) (Mann-Whitney U test, 0.005 Ͻ p Ͻ 0.05). The plots show the median value (the horizontal bar within the box), the two central quartiles (the box), and the range (the vertical line). The results are from three to four separate experiments; 13-17 cells were analyzed in each condition.
for dendritic localization. Francesconi and Duvoisin (2002) also found that deleting the C-terminal 128 amino acids of mGluR1a, which includes all of the sequences that interact with Tamalin (Hirose et al., 2004) , did not disrupt the dendritic localization of mGluR1a in retinal neurons.
Several studies suggest that Homer family proteins and Tamalin play an important role in the trafficking of group I mGluRs from the cell body out into neurites (Ango et al., 2000 (Ango et al., , 2002 Ciruela et al., 2000; Kitano et al., 2002) . For example, when either mGluR1a or mGluR5 was expressed alone, the receptors could only be detected in the cell body. Coexpressing Homer 1a/b/c or Tamalin allowed the receptor to enter neurites (Ango et al., 2000 (Ango et al., , 2002 Ciruela et al., 2000; Kitano et al., 2002) . It is difficult to reconcile our findings with these results. In our hands, expressed mGluR1a reached the dendritic surface very efficiently without the need for coexpressing Homer or Tamalin. Moreover, mutating or deleting the domains that interact with Homer or Tamalin, or even deleting the entire C-terminal domain, did not reduce trafficking of mGluR1a to the dendritic surface. Most of the evidence that favors a role for Homer in mGluR trafficking derives from studies of cultured neurons at relatively early stages of development, before the cells have acquired a mature complement of synapses. Perhaps mature hippocampal pyramidal neurons express other proteins that ensure effective receptor trafficking, even when interactions with Homer are prevented.
Separate sequences mediate dendritic polarity and synaptic clustering It has been proposed that the localization of postsynaptic receptors involves two distinct steps: first, the targeting of receptors to the somatodendritic domain, followed by the sequestration of receptors by interaction with scaffolding proteins present at synaptic sites (Craig et al., 1993) . In general, our results support this model. First, our experiments demonstrate that mGluR1a is directly targeted to dendrites; we were unable to obtain evidence that the receptor transiently appeared on the surface of the axon or that intracellular carriers containing the receptor are transported beyond the axon initial segment. In addition, we found that separate signals mediate the polarity and clustering of mGluR1a. Mutating the polyproline interaction motif abolishes the synaptic localization of mGluR1a but does not affect its dendritic localization. This result would be expected if binding to Homer anchors mGluR1a at synaptic sites. Preventing the interaction with Homer would enhance the lateral diffusion of mGluR1a within the dendritic membrane, but the diffusion barrier at the axon initial segment (Winckler et al., 1999) would prevent the protein from diffusing into the axon. Conversely, studies on the localization of the excitatory amino acid trans- Figure 8 . The Homer interaction motif is required for mGluR1a clustering. a-e, Representative images of hippocampal neurons that were cotransfected with wild-type or mutant mGluR1a constructs and subsequently immunolabeled for cell-surface receptors. mGluR1a(wild-type) was present in discrete clusters along dendritic shafts and at the tips of dendritic spines (a). Deleting the C terminus (b) or introducing a point mutation in the Homer interaction motif (c) markedly reduced clustering, whereas deleting the PDZ-binding domain (d) had little effect. LDLR(Y3A) served as an example of a membrane protein that is not clustered on the neuronal cell surface (e). Cells were transfected after 7-9 d in culture and then stained for cell-surface receptor 5-7 d later. f, g, The clustering of each construct was quantified by calculating the percentage of the cell surface occupied by clusters (f ) and the average cluster intensity (g). Deleting the C terminal or mutating the Homer interaction domain caused a marked reduction in cluster area and cluster intensity, whereas mutating the PDZ interaction domain had no effect. The results were derived from two to four separate experiments; 16 -22 cells were analyzed for each mGluR1a construct. *p Ͻ 0.001, t test. Scale bar, 5 m. Figure 9 . The polyproline interaction motif is required for the synaptic localization of mGluR1a. To determine whether protein interaction motifs within the C terminus played a role in synaptic localization, hippocampal neurons were transfected with constructs expressing wild-type or mutant mGluR1a and then stained for cell-surface receptors (red) and endogenous Homer, a postsynaptic marker (green). Deleting the entire C terminus or mutating the Homer interaction domain reduced colocalization to a similar extent, whereas deleting the PDZ interaction domain had little effect. Cells were transfected after 9 d in culture and then immunolabeled for cell-surface receptors and endogenous Homer 12 d later. Scale bar, 5 m.
porter EAAT3 showed that mutations that disrupt its dendritic polarity do not interfere with its clustering. Thus, in the case of mGluR1a, we favor a two-step model in which separate proteinprotein interactions are responsible for dendritic targeting and synaptic localization. Our results indicate that interactions with Homer localize the receptor to postsynaptic sites. It remains to be determined which "adaptor" proteins recognize the dendritic localization signals of the receptor and where along the trafficking pathway these signals act. Figure 10 . The effects of mutations within the C terminus of mGluR1a on colocalization with Homer. The fluorescence intensity of the wild-type receptor was highly correlated with the intensity of Homer staining (mean r ϭ 0.60). Truncating the C terminus or mutating the Homer interaction motif greatly reduced the r value, whereas deleting the PDZ interaction motif had no effect. For comparison, we also assessed colocalization of NMDA receptor (coexpressed NR1 ϩ NR2A subunits) and Homer. Wild-type mGluR1a and NMDA receptors colocalized with Homer to a similar degree. The plot shows the correlation coefficient between receptor and Homer staining (for details, see supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). Each point represents the correlation coefficient from a single cell.
